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The Mossbauer spectra of cobalt-57-doped magnesium oxide have been studied between 1.3 and 5500 K in 
external magnetic fields of up to 135 kOe for both single-crystal and polycrystalline samples. At room 
temperature and zero external magnetic field, the velocity spectrum is composed of three single lines, attrib­
uted to monovalent, divalent, and trivalent iron. In certain samples, for T <14oK, the Fe2+ line undergoes 
a transition to a quadrupole doublet with a splitting ~EQ=0.30±0.02 mm/sec, while in certain other 
samples, annealed differently, no doublet is observed down to l.s oK. The first case is in quantitative agree­
ment with a random-strain model proposed by Ham. The application of an external magnetic field induces 
a magnetic hyperfine interaction for the three charge states with saturation hyperfine fields of approximately
+20, -120, and - ~60 kOe for Fe1+, Fe2+, and Fe3+, respectively. From these values the core polarization 
contribution per spin is estimated to be -127 kOe/P.B. Effects of slow paramagnetic relaxation for the Fe2+ 
spectrum in the presence of an external magnetic field have been observed. In addition to the magnetic 
hyperfine interaction, an external magnetic field induces an Fe2+ quadrupole interaction, as predicted by 
crystal-field theory. From the value of this interaction, AEQ' =0.32 mm/sec, the 67Fe nuclear quadrupole 
moment is estimated to be +0.21 b. 
I. INTRODUCTION cubic symmetry produced by random strains in the 
A NUMBER of interesting phenomena are associ­ crystal2 or by the application of an external magnetic field2- 5 which reduces the symmetry. Such a quadrupole ated with the behavior of magnetic impurities in 
interaction, having no lattice contribution, has proveddiamagnetic systems. Magnesium oxide provides a 
useful in estimating the value of the nuclear quadrupole nearly ideal host because it has a simple cubic structure 
moment. An external magnetic field may also induce a (NaCI type) and a Goldschmidt ionic radius close to 
magnetic hyperfine field. This field may be considered that of the iron group (0.78 Afor Mg2+). Small amounts 
as the sum of three contributoins: core polarization,of iron, for example, can be incorporated as impurities 
orbital, and dipolar. While the last two terms may beat substitutional sites, the divalent cation lying at the 
calculated using crystal-field theory, the first one iscenter of an octahedron of six oxygen ions. A powerful 
less accessible. We will show how the core-polarizationtool for investigating the iron impurity behavior in 
term can be derived from the experimental saturationsolids is provided by the Mossbauer technique because 
hyperfine fields and how their values tend to confirmthe impurity itself acts as a microscopic probe. These 
the systematics observed in iron-series salts. results may be correlated with data obtained by other 
Single crystals and pressed-powder pellets of MgO techniques such as EPR spectroscopy. Here we pre­
were doped with 57CoCl2 aqueous solution, heat treated,sent our investigation of the temperature and field 
and used as sources. The 14.4-keV l' ray emitted afterdependence of the electric and magnetic hyperfine 
the decay by electron capture of 57CO to the excitedinteractions of iron diffused into magnesium oxide.1 
state of 57Fe allowed us to use the Mossbauer technique Three charge states corresponding to Fe1+, Fe2+, and 
to probe the iron nucleus in the host lattice. An in­Fe3+ were observed in MgO by means of their respec­ dependent study of iron-doped MgO absorbers wastive isomer shifts. The quadrupole interaction reflects performed by Leider and Pipkorn6 which generally
the charge symmetry seen by the nucleus but, as will 
agrees with our observations. 
be seen for the Fe2+ ion, a cooperative distortion of the 
lattice is not required for the observation of quadrupole II. EXPERIMENTAL PROCEDURE 
splitting. It can appear because of local departures from The Mossbauer experiments were carried out, using 
a constant acceleration electromechanical drive system 
* Present address: Centre d'Etudes Nucleaires de Grenoble 
Grenoble, France. ' 2 F. S. Ham, Phys. Rev. 160, 328 (1967). t Supported by the U. S. Air Force Office of Scientific Research 3 G. K. Wertheim, H. J. Guggenheim, H. J. Williams, and D. 
1 Some preliminary results have been reported. (a) R. B: N. E. Buchanan, Phys. Rev. 158, 446 (1967). 
Frankel and N. A. Blum, Bull. Am. Phys. Soc. 12, 24 (1967)· 4 U. Caniel and S. Shtrikman, Phys. Rev. 167,258 (1968). (b) J. Chappert, R. B. Frankel, and N. A. Blum, ibid. 12, 352 : G. R. H~y and K. P. Singh, Phys. Rev. 172, 514 (1968). (1967); (c) J. Chappert, R. B. Frankel, and N. A. Blum ibid 13 D. N. Plpkorn .and H. R. Leider, Bull. Am. Phys. Soc. 11, 59 (1968); (d) ]. Chappert, R. B. Frankel, and N. A. BI~m Phys: 49 (1966); D. N. Plpkorn and H. R. Leider, ibid. 12 901 (1967)·Letters 25A, 149 (1967). ' H. R. Leider and D. N. Pipkorn, Phys. Rev. 165,494 (1968). ' 
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together with a multichannel analyzer for collecting 
and storing the data. The temperature range of in­
vestigation extended from 1.3 to SSOoK. The magnetic 
fields were produced by a wire-wound water-cooled 
solenoid producing up to 5 kOe, a lS0-kOe water-cooled 
Bitter solenoid or a NbaSn superconducting magnet 
capable of operating in the persistent m?de up to 7.5 
kOe. All experiments were performed USIng the longI­
tudinal configuration (field parallel to the ")'-ray 
propagation direction). 
An aqueous solution of 57CoC12 was deposited onto 
the (100) surfaces of the single-crystal samples. For 
most of the results presented here, the doped crystals 
were annealed at 1200°C in air for 24 h followed by slow 
cooling. Powder pellets were made by pressing the 
powder and subsequent heating at 1200°C in air for 
24 h. 57CoC12 was then deposited and annealed under 
the same conditions as for the single crystals. Sources 
prepared in this way will be subsequently referred to as 
source A. The effects of various annealing conditions, 
such as higher temperature (source B), quenching, 
hydrogen atmosphere (source C), or vacuum were also 
studied. By recording Mossbauer spectra of samples 
annealed under various conditions, we have observed 
that the diffusion process occurred only after heating 
4 h at 800°C in air. The strength of each source was 
typically about 1 mC (",,10 ~g Co) deposited on a 4-sq 
mm spot. The resonant absorber was nonmagnetic 
sodium ferrocyanide which exhibits an unsplit narrow 
line; the absorber was kept at room temperature and in 
zero external field in all experiments. 
III. EXPERIMENTAL RESULTS 
Room-temperature velocity spectra of 57Co-doped 
MgO, both single crystals and powder pellets (source A), 
are shown in Fig. 1. Each spectrum is characterized 
by three lines, the positions of which relative to zero 
velocity are given in Table I. From these positions and 
from the isomer-shift systematics,7 we assign these lines 
to Fe1+, Fe2+, and Fe3+. The room-temperature in­
tensity ratio Fe1+/Fe2+ in the type-A samples was found 
to be ""0.2 for single crystals and ""0.6 for powder 
pellets, while the ratio Fe3+/Fe2+ was approximately 
0.15 in both samples. The identification of these lines 
was supported by other experimental evidence which we 
T ABLE I. Isomer shifts (mm/sec) versus sodium ferrocyanide 
(kept at 3000K) of the Fe1+, Fe2+, and Fe3+ lines in cobalt-57­
doped MgO. Single crystals and powder pellets gave the same 
values within experimental errors. 
300 -1.S5±0.03 -1.10±O.02 -0.50±O.05 
77 -1.78±O.03 -1.23±O.02 -O.62±0.05 
7 L. R. Walker, G. K. Wertheim, and V. Jaccarino, Phys. Rev. 
Letters 6, 98 (1961). 
FIG. 1. Typical room-temperature spectra of MgO single­
crystal and power-pellet sources annealed at 1200°C (type A). 
Solid lines are drawn through the points. 
shall describe later. The origin of the different charge 
states will be discussed in Sec. IV A. 
The relative line intensities were strongly influenced 
by various heat treatments. For example, heating at 
lS00°C in air for 48 h (source B) slightly increased the 
intensity of the 3+ line but almost completely removed 
the 1+ line. A hydrogen atmosphere (source C) 
produced an intense line at zero velocity with respect 
to sodium ferrocyanide (Fig. 2). Rapid quenching to 
room temperature greatly changed the relative in­
tensities, as shown in Fig. 3 for a type-A pressed-powder 
pellet. In this case the 1+ line increased at the expense 
of the 2+ line while the 3+ line was unaffected, the 
integrated area of the spectrum did not vary, thus 
indicating a change in the relative concentration of 
the 1+ and 2+ states. Experiments at various tem­
peratures indicated a strong temperature dependence 
for the intensity of the 1+ line which decreased with 
an increasing temperature and almost vanished at 
550 0 K as shown in Fig. 4 for a powder pellet. The same 
temperature dependence can be seen by comparing the 
single-crystal spectra of Figs. 1 and 5. The Fe2+ and 
Fe3+ line intensities were much less sensitive to changes 
in temperature. The second-order Doppler shiftS be-
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FIG. 2. Room-temperature spectrum of MgO single-crystal 
____ source annealed in hydrogen (type C). 
8 B. D. Josephson, Phys. Rev. Letters 4, 341 (1960). 
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FIG. 3. Room-temperature spectra of an MgO powder-pellet source 
(type A) quenched (below) and cooled slowly (above). 
tween 300 and 77°K was larger for the 1+ line than 
for the 2+ line (Table I), suggesting that different 
Debye temperatures 8D are associated with each charge 
state. We can derive eD from the temperature depen­
dence of the line intensities.9 Our results for a powder 
pellet give 8D""'400 and "'" 1500 K for Fe2+ and Fe1+ 
. ' 
respectively. The large difference between the two 
values will be discussed later in relation to the origin 
of the multiple charge states. Because the Fe3+ line 
was relatively weak, no attempt was made here to study 
in detail its Mossbauer parameters [see Ref. lea)]. 
FIG. 4. Temperature de­
pendence of the Fe1+ and Fe2+ 
absorption lines of an un­
quenched MgO powder pellet 
(type A). 
51CO in MC)O 
POWDER 
PELLET 
-2 -I 0 
VELOCITY (mm/leC) 
I A. H. Muir, Jr., Atomic International Report No. AI-6699, 
1962 (unpublished). 
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Debye temperatures can also be derived from the 
second-order Doppler-shift values,lO although this 
method is not very sensitive. However, the larger 
second-order Doppler shift observed for Fe1+ compared 
with Fe2+ is qualitatively explained by the above values 
of the respective Debye temperatures. 
A characteristic feature of the type-A samples is 
the sudden broadening of the Fe2+ line which occurs 
at 14°K in both single crystals and powder pellets. 
Figure 5 shows the resonance spectrum of an MgO 
single-crystal sample where a resolved doublet is ob­
served at 6°K. The quadrupole splitting is ilEQ=!e2qQ 
=0.30±O.02 mm/sec. This substantially agrees with 
the value (0.33 mm/sec) observed in MgO absorbers 
by Leider and Pipkorn.6 In the case of a powder pellet, 
the doublet is poorly resolved but the broadening of the 
Fe2+ line corresponds to ilEQ=O.35±O.05 mm/sec. 
The temperature dependence of the transition under­
gone by the Fe2+ state has been observed to be quite 
sharp in both single crystals and pellets of type A. In 
order to investigate this behavior, we have recorded the 
counting rate at the Fe2+ line position when an MgO 
crystal goes through the transition. In Fig. 6, we com­
pare this counting rate to the (constant) value recorded 
at the Fe1+ position. The sharp decrease observed is due 
to the sudden broadening of the Fe2+ line occurring 
within approximately 2°K. The origin of this quadrupole 
coupling and its temperature dependence will be dis­
cussed later in terms of Ham's mode1.2 However, for 
the MgO crystals of type B, annealed at 1500 instead 
of l200°C, no resolved doublet was observed at tem­
peratures as low as 1.5°K, but only a slight broadening 
(Fig. 7, linewidth=0.43 mm/sec at 6°K compared to 
0.35 mm/sec at 77°K). 
Some experimental spectra at 4.2°K and at different 
external magnetic fields Hoare shown in Fig. 8 for the 
type-A single crystals. These display mainly Fe1+ 
and Fe2+ states, and the corresponding hyperfine 
structures are resolved. Because of the longitudinal 
configuration, the ilm= 0 lines did not appear and each 
FIG. S. Spectra showing the onset 
of an Fe2+ quadrupole doublet at 
low temperature (T<14°K) in 
MgO single-crystal source (typeA). 
-2 --=-1 0
 
VELOCITY (mm/sec)
 
10 R. V. Pound and G. A. Rebka, Phys. Rev. Letters 4, 274 
(1960). 
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FIG. 6. Temperature dependence of the counting-rate ratio 
FeJ+/Fe1+ for an MgO single-crystal source (type A). The sharp 
decrease at about 14oK indicates the transition undergone by the 
Fe2+ line. 
ionic state gave rise to a four-line spectrum. From the 
external field dependence of the hyperfine splitting at 
constant temperature, we found that the hyperfine 
fields induced at the nuclei of Fe1+ and Fe2+ were of 
opposite signs. The observed saturation hyperfine fields 
are -120 kOe for Fe2+ and +20 kOe for Fe1+. With 
samples exhibiting a strong Fe3+ line, we measured a 
saturation hyperfine field of -560 kOe for Fe3+. The 
Fe2+ hyperfine structure appeared for very small fields 
(Ho1""V2S0 Oe) and became fully developed (Hhf= -120 
kOe) for H oI""V800 Oe. For these small applied fields, 
the Fe1+ line was almost unchanged. The type-A powder 
pellets exhibited the same behavior except for the fact 
that the Llm=O lines did not vanish completely as 
might be expected. For the type-B single crystals, the 
Fe2+ saturation field had thes arne value -120 kOe, 
but the hyperfine field did not begin to appear until 
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FIG. 7. Spectra at 77 and 6°K of an MgO single-crystal source 
annealed at 1500°C (type B). No quadrupole doublet is observed 
at 6°K. 
about Hol""VS kOe, depending upon the heat treatment 
of the crystal. 
In addition to the magnetic hyperfine structure, an 
external magnetic field induced a quadrupole inter­
action for the Fe2+ spectrum in both types A and B 
sources. This is more clearly seen in a type-B single 
crystal where the Fe1+ and Fe3+ states are very weak. 
Figure 9 shows this case. An applied magnetic field 
Ho=50 kOe gives a quadrupole interaction tJ.EQ' 
=e2q'Q=O.32±O.OS mm/sec at 4.2°K. Moreover, we 
observed that when the magnetic-field direction was 
changed from [100J to [lllJ, the quadrupole inter­
action changed sign but had the same magnitude. This 
interaction was positive for the [111J direction. The 
same features appeared in iron-doped MgO.6 
IV. DISCUSSION 
A. Multiple Charge States 
The room-temperature spectra of 57Co-doped MgO 
consist of three single lines (Fig. 1) that have been 
identified on the basis of their isomer shifts7.11 as due to 
~~ !f/~:::~ 
\ : Ho:a4kOe 
I 
...~.ir' 
II! Ho=:50kOe 
I 
FIG. 8. Fe1+ and Fe2+ hyperfine interactions induced at 4.2°K 
by various external magnetic fields H 0 in an MgO single-crystal 
source (type A). The induced quadrupole interaction has been 
omitted from the stick diagrams, as has the splitting of 2Ho 
between J = +1 and J = -1 states for the low H 0 values. 
11 S. DeBenedetti, L. G. Lang, and R. I. Ingalls, Phys. Rev. 
Letters 6, 60 (1961). 
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FIG. 9. Fe2+ spectrum for an MgO single-crystal source (type B) 
showing both magnetic and quadrupole hyperfine interactions 
induced by an external magnetic field H 0 = 50 kOe applied along 
two different directions. 
the three charge states Fe1+, Fe2+, and Fe3+. The Fe2+ 
isomer shift (-1.10 nun/sec relative to sodium ferro­
cyanide) agrees with the values noted by various 
authors in both sources12 and absorbers.6 ,12,13 Calcula­
tions by Walker et al.7 predict an isomer shift of -1.40 
mm/sec relative to stainless steel in a purely ionic 
ferrous compound (used as a source). Our measurements 
indicate -1.15 nun/sec relative to stainless steel. This 
reduced value correspond to a "" 10% covalent bond 
according to these calculations. The covalent character 
of the bonding has also been noted by EPR mea­
surements.14 
Although the previous charge-state identification 
is the most straightforward explanation of the observed 
spectra, we must consider other possibilities, such as 
the presence of an asymmetric quadrupole doublet 
superimposed upon a single line. In the latter case the 
doublet would be centered about the Fc2+ line position, 
the two components corresponding to our designations 
Fe1+ and Fe3+. An asymmetric doublet can result from 
an asymmetric Debye-Waller factor (Gol'danskii 
effect) .15 In this case a rotation of the crystal should 
produce a relative change in the component intensities. 
Such a change was not observed experimentally. More­
over, we observed (Fig. 4) that the asymmetry of this 
doublet decreased as the temperature was raised con­
trary to what would have been expected on the basis of 
a Gol'danskii effect; therefore, we have ruled out such 
an interpretation. An asymmetric doublet might also 
12 G. K. Wertheim and D. N. E. Buchanan, in Proceedings of 
the Second International Conference on the M ossbauer Effect, 
edited by D. M. J. Compton and A. H. Schoen (John Wiley & 
Sons, Inc., New York, 1961), p. 130. 
13 D. J. Simkin, P. J. Ficalora, and R. A. Bernheim, Phys. 
Letters 19, 536 (1965). 
14 W. Low and M. Weger, Phys. Rev. 118, 1119 (1960). 
15 V. I. Gol'danskii, E. F. Makarov, and V. V. Krapov, Phys. 
Letters 3, 344 (1963). 
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result from electronic spin-lattice relaxation as described 
by Blume.16 In this case, raising the temperature would 
decrease the asymmetry of the quadrupole pattern as 
observed here (Fig. 4); but the relaxation effect would 
also produce a broadening of the lines. Our spectra did 
not show any significant broadening within the experi­
mental errors in a temperature range from 20 to SSOoK. 
Additional evidence for the existence of Fe1+ and 
Fe3+ is provided by the effect of various heat treatments 
which produced strong changes in the relative inten­
sities of these two lines (Figs. 2, 3, and 7). For instance, 
heating the crystal in air at very high temperature 
(source B) increased the Fe3+ line and decreased the 
Fe1+, as would be expected from the oxidation process. 
Further evidence to support our designation of the 
charge states will be given later by the sign and magni­
tude of the external field induced hyperfine fields. 
Assuming the superposition of the Fe1+ and Fe2+ 
major charge states, the spectra were separated by 
computer curve fitting (Fig. 8) and the values of the 
core-polarization fields which were derived are in 
agreement with other measurements of these quantities. 
Moreover, the suppression of the Fe1+ state by appropri­
ate heat treatment caused the Fe1+ hyperfine structure 
to vanish, leaving only the Fe2+ pattern (Fig. 9). 
It must be pointed out that all three charge states 
associated with point defects have been observed in 
the EPR study of MgO.17 The EPR work also indicates 
COl+ and C0 2+, which are in fact the ions first stabilized 
in our sources. Multiple charge states have also been 
revealed in the Mossbauer investigation of several 
other compounds doped with 57CO. Fe1+ was reported 
in NaCPs and Cu20,19 with an isomer shift of about - 2 
mm/sec relative to stainless steel. We observe -1.6 
mm/sec in MgO and -1.7 mm/sec in Ca01 (b) for Fe1+ 
relative to stainless steel. The trivalent state has been 
seen in 57Co-doped COO,20 MgO,t2 Cu20,19 and iron­
doped MgO absorbers. 6 
The monovalent charge state could be explained in 
terms of oxygen vacancies. But if such were the origin, 
the electric-field symmetry about the Fe nucleus would 
have been strongly altered and a quadrupole doublet 
instead of a single line would have been observed. In­
stead of having an oxygen vacancy, one could imagine 
a hydroxyl group replacing an oxygen ion thus balancing 
the Fe1+ charge state while not strongly affecting the 
synunetry about the iron nucleus. This hypothesis is 
supported by different observations. First, it has been 
shown both theoretically21,22 and experimentally by 
16 M. Blume, Phys. Rev. Letters 14, 96 (1965). 
17 J. E. Wertz, J. W. Orton, and P. Auzins, J. Appl. Phys., 
Suppl. 33, 322 (1962). 
18 J. G. Mullen, Phys. Rev. 131, 1415 (1963). 
19 W. Triftshauser, Bull. Am. Phys. Soc. 13, 59 (1968). 
20 G. K. Wertheim, Phys. Rev. 124, 764 (1961). 
21 T. H. Nielsen and M. H. Leipold, J. Am. Ceram. Soc. 49, 
626 (1966). 
22 F. Freund, J. Am. Ceram. Soc. 50, 493 (1967). 
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infrared spectroscopy23 that hydroxyl groups persist 
in appreciable amounts in MgO even after heating at 
high temperature and are located mainly near the sur­
face. As a' confirmation, we observed a strong decrease 
in the Fe1+ line by heating the crystal to higher tem­
peratures (Fig. 7) where one would expect that many 
of the hydroxyl ions would be evaporated while the 
cobalt ions would be diffused deeper into the crystaL 
Most of the 'Y rays which we counted in our experiments 
originated near the surface of the crystal; while in the 
absorbers,6.12 where the impurity ions were distributed 
unifonnly throughout the sample volume, no Fe1+ line 
was observed. Other attempts19 ,24 to observe Fe1+ in 
MgO sources failed when the samples were prepared by 
firing a solution of 57CO chloride and magnesium nitrate. 
Here again, not only the surface, but the whole volume 
of the sample was involved. Furthermore, we observed 
that the Fe1+ line always had a stronger intensity in 
the powder pellet (Fig. 1) where the surface area is 
larger than in the single crystal. This surface effect 
could also account for the lower Debye temperature 
observed for FeI + as compared with Fe2+. 
The trivalent charge state has an isomer shift which 
is characteristic of ferric systems7 (Table I). The amount 
of Fe3+ in the crystal can be slightly increased by raising 
the annealing temperature, suggesting an oxidation 
of the cobalt ions from Co2+ to C0 3+. The same feature 
was observed by Wertz et ale in their EPR experiments.17 
Such a trivalent state, exhibiting a single line, was 
observed by Wertheim in an early study of 57Co-doped 
MgO.12 In the iron-doped absorbers the trivalent 
state was also observed,6,25 but instead of a single line 
a quadrupole doublet with a large splitting (0.74 
mm/sec in Ref. 6) is present. This quadrupole splitting 
has been attributed to a charge-compensating cation 
vacancy.25 Wertheim20 has proposed an explanation 
for higher charge states such as Fe3+ which would 
explain the difference of behavior of sources and ab· 
sorbers. The trivalent state may be obtained as a 
result of the aftereffects of the electron-capture decay 
of 57CO, 26 which can produce multiply ionized atoms. 
These charge states may be observed provided that 
their lifetimes are of the order of or greater than 
~ 10-7 sec, which is the lifetime of the 57Fe, 14.4-keV 
level. However, Triftshatiser and Craig19 •27 perfonning 
delayed coincidence measurements, did not observe any 
time-dependent effects in magnetic insulators, and con­
cluded that the multiple charge states are not related 
to electron-capture aftereffects within the time realm 
of their experiments. They interpreted the Fe3+ state 
23 P. J. Anderson, R. F. Horlock, and J. F. Oliver, Trans. 
Faraday Soc. 61, 2754 (1965). 
24 K. R. Reddy (private communication). 
25 H. Weidersich, U. Gonser, R. W. Grant, and A. H. Muir, 
Bull. Am. Phys. Soc. 10, 709 (1965); U. Gonser, R. W. Grant, 
H. Weidersich, R. Chang, and A. H. Muir, ibid. 11, 363 (1966). 
26 H. Pollak, Phys. Status Solidi 2, 720 (1962). 
27 W. Triftshauser and P. P. Craig, Phys. Rev. Letters 16, 
1161 (1966); Phys. Rev. 162, 274 (1967). 
in CoO as resulting from nonequivalent sites due to 
deviations from stoichiometry. At this point it is not 
possible from our measurements to decide which (if 
either) mechanism is responsible for the observed Fe3+ 
line in the MgO sources. 
When an MgO sample was prepared by heating in a 
hydrogen atmosphere, the room-temperature Moss­
bauer spectrum consisted mainly of a line at zero 
velocity relative to sodium ferrocyanide (Fig. 2). This 
line may be attributed to a low-spin ferrous ion. This 
is hard to understand in a cubic material, but it seems 
likely that heating in hydrogen destroys the local 
cubic symmetry by creating vacancies or inserting 
interstitial hydrogen atoms mainly in the crystal sur­
face. We also noticed that a small external magnetic 
field (~3 kOe) did not affect the zero velocity line, 
apart from the broadening corresponding to the applied 
field. Such a low-spin state has, for example, been 
reported in hydrogen-fired 57Co-doped SrTi03•28 
B. Fe2+ Strain-Induced Quadrupole Interaction 
The onset of an Fe2+ low-temperature quadrupole 
splitting observed in this cubic material (Fig. 5) in the 
absence of an external magnetic field was first inter­
preted by Ham2on the basis of crystal-field theory. This 
comes about as a result of the electric field gradient 
produced at the 57Fe nucleus by the valence electrons 
of Fe2+ combined with random strains in the crystal 
which remove the electronic degeneracy of the ground­
state triplet. The ground state of the ferrous ion is 
3d6 5D, with L= 2 and S= 2. In MgO, this ion is at the 
center of an octahedron of nearest-neighbor oxygen 
ions. Therefore, the crystalline cubic field splits the 
ground term into a lower-orbital triplet and an upper­
orbital doublet, separated by 10 Dq~104 em-l •U The 
orbital triplet, which behaves as an L= 1 manifold 
because of the 1211- P equivalence,29 is further split by 
the spin-orbit interaction into a number of levels of 
which a r 5(1 triplet is lowest, with an effective J' = 1 
(Fig. 10). In the presence of an arbitrary static strain2 
(strain splitting small compared to spin-orbit coupling) 
the threefold degeneracy may be lifted. Each electronic 
eigenstate may be written as 
(1) 
where 1~), 111), and Ir> transform, respectively, like 
yz, zx, xy, and a, b, C are real coefficients.2 The quad­
rupole splitting due to the interaction between the 
nuclear quadrupole moment Qof 57Fe and the electronic 
state ItI') was calculated by Ham and is given by 
ilEQ= 3[C32+ (!) (16c52- 9Ca2) (a2b2+lrc2+c2a2) J1/2, (2) 
where Ca and C5 are coefficients of the quadrupole oper­
ator. Using point-charge crystal-field mdoel, Ca and C5 
28 V. G. Bhide and H .. C. Bhasin, Phys. Rev. 159, 586 (1967). 
~ C. J. Ballhausen, In Introduction to Ligand Field Theory 
(McGraw-Hill Book Co., New York, 1962). 
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FIG. 10. Energy-level scheme of the Fe2+ liD term. 
are shown to be related by 
-3C3= 4C5= + (3/35)(r-3) (1-R)e2Q/I(21-1). (3) 
Here (r-3) refers to the expectation value using one 
electron d orbitals, (1-R) represents the Sternheimer 
shielding,30 and I is the excited-state nuclear spin. 
Therefore, Eq. (2) yields 
JiEQ = (1/35) (r-3) (1-R)e2Q, (4) 
for I=!. Since Eq. (4) is independent of the coefficients 
a, b, c, the magnitude of aEQ is the same for the three 
Iif;) states, but the orientation of the electric field gradi­
ent at the iron nucleus depends on the state. Therefore 
a quadrupole splitting will be observed at temperatures 
sufficiently low that the relaxation time T for transitions 
among the three electronic states Iif;) is long compared 
to h/tiEQ• From Eq. (4), Ham derived a splitting 
tiE(J=O.44 mm/sec using Q=O.29 b 30 and reducing 
Freeman and Watson's estimate31 of (r-3 )(t-R) 
=3.3 a.u. for the Fe2+ free ion by rv20% to take into 
account the combined effect of covalent bonding and 
dynamic quenching. Experimentally, we observed I.1E Q 
= O.30±0.02 mm/sec at 6°K for a type-A single crystal 
and O.35±O.OS mm/sec for a powder pellet. These 
experimental values of the quadrupole splitting are 
smaller than predicted. As Ham2 pointed out, this may 
be evidence that Ingall's value30 for Q is somewhat too 
high. In fact, recently, two independent evaluations of 
Q for ferrous compounds concluded that Q=O.20 b 32 
and 0.18 b,33 yielding a theoretical splitting (""0.30 
mm/sec) in very good agreement1,6 with the experi­
mental value. 
The disappearance of the Fe2+ quadrupole doublet 
above 14°K has been attributed by Ham2 to motional 
narrowing resulting from rapid transitions among the 
three strain-spilt electronic states of each Fe2+ ion. 
ao R. Ingalls, Phys. Rev. 133, A787 (1964). 
31 A. J. Freeman and R. E. Watson, Phys. Rev. 131, 2566 
(1963). 
31 A. J. Nozik and M. Kaplan, Phys. Rev. 159, 273 (1967). 
aa C. E. Johnson, Proc. Phys. Soc. (London) 92, 748 (1967). 
Tjon and Blume34 have also derived an expression for 
the Mossbauer line shape in the presence of an electric 
field gradient which fluctuates randomly among the x, y, 
and z axes. Their results agree with the motional narrow­
ing observed here. Ham inferred a relaxation time 
r=h/aEQrv 5X10-8 sec among the three r 5a com­
ponents at 14OK. Ruling out a direct process for phonon­
induced transitions because of the small strain splitting 
(rv 10-2 em-I), he proposed that relaxation occurs by 
an Orbach mechanism involving the next spin-orbit 
level of Fe2+. He calculated that the energy separation 
would have to be reduced from the free ion value 200­
95 em-I. Covalent bonding and Jahn-Teller effect can 
be responsible for such a reduction. Following Ham's 
calculation, the temperature dependence of the quad­
rupole splitting,6 far infrared spectroscopy,35 and spin­
resonance measurements36 have confinned this value 
for the energy separation. 
As we mentioned previously, the type-B MgO 
samples which were annealed in air at 1500 instead of 
1200°C do not exhibit an Fe2+ quadrupole doublet at 
temperatures down to 1.5°K. Since we observed here 
only a single line for Fe2+, we need to assume fast relaxa­
tion between the electronic levels. This point will be 
discussed in more detail in Sec. IV D. 
c. Fe2+ Magnetic-Field-Induced 
Quadrupole Interaction 
As mentioned earlier, a quadrupole interaction 
!:J.E Q' = e2q'Q= O.32±O.OS mm/sec was observed when an 
external magnetic field was applied. I ,6 The origin of this 
interaction is completely independent from the strain­
induced quadrupole coupling previously described. It 
was first pointed out by Marshall37 who suggested that 
it is due to the spin-orbit coupling which produces an 
asymmetrical charge cloud, since the orbital angular 
momentum is not completely quenched in the ferrous 
state. The theory of this magnetically induced quad­
rupole interaction has been worked out by several 
authors.2- 5 This shows that the electric field gradient 
has an axial symmetry and is collinear with the magnetic 
field. Such a quadrupole interaction in a cubic material 
has been observed in the magnetically ordered com­
pounds COO,20 NiO,38 MnO,38 and FeCr2S4,5,39,40 below 
their ordering temperatures. In all these cases, it is the ex­
change field which induces the quadrupole interaction, 
while in the case of MgO,I,6 it is the externally applied 
34 J. A. Tjon and M. Blume, Phys. Rev. 165, 456 (1968). 
3li J. Y. Wong and A. L. Shawlow, Bull. Am. Phys. Soc. 12, 
655 (1967); J. Y. Wong, Phys. Rev. 168, 337 (1968). 
36 R. L. Hartman, E. L. Wilkinson, and J. G. Castle, Bull. Am. 
Phys. Soc. 12, 642 (1967). 
37 W. Marshall, see discussion after paper in Ref. 12. 
38 J. D. Siegwarth, Phys. Rev. 155, 285 (1967). 
31 G. R. Hoy and S. Chandra, J. Chem. Phys. 47, 961 (1967); 
K. P. Singh and G. R. Hoy, Bull. Am. Phys. Soc. 13, 29 (1968). 
40 M. Eibschutz, S. Shtrikman, and Y. Tenenbaum, Phys. 
Letters 24A, 563 (1967). 
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magnetic field which is responsible for the observed 
quadrupole splitting. 
The magnetic field lifts the degeneracy of the spin­
orbit triplet r so and, if the field is large enough, the 
strain splitting (-"4X 10-2 em-l) becomes negligible 
compared with the Zeeman splitting ("-'9 em-I for 
H 0= SO kOe). Then the electronic eigenstates are no 
longer detennined by the strain (Eq. 1), but are the 
eigenstates of J «' with J «' = 0 and ± 1 (d in the direc­
tion of H o). Each state will again produce an electric 
field gradient. Using crystal-field theory, Ham2 arrived 
at an interaction, 
dE(/ = e2q'Q= 3[ca+ (4cs-3ca) 
X (ax2arl+ay2az2+az2az2)] , (5) 
for the J«'=± 1 states, where ax, ay, and a z denote the 
direction cosines of H 0 with respect to the cubic axes. 
For the state with J(/=O, there is no hyperfine field 
at the nucleus. Therefore, the spectrum will appear 
as a quadrupole doublet with a splitting identical to 
that obtained by substituting ax, ay, o!z for a, b, c in 
Eq. (2). For H o along [l00J or [111J, dE Q' is given 
by +3ca and +4cs, respectively. If the relationship 
(3) still holds, we see that the quadrupole interaction 
will have the same magnitude, given by Eq. (4), but 
with opposite signs for Ho along [100J or [111J. This 
is precisely what we have observed, as shown in Fig. 9. 
At Ho=50 kOe and T=4.2°K only the lowest state 
(J«'= -1) of the triplet is appreciably populated and a 
splitting ~EQ'=O.32 rom/sec is observed. In addition, 
from Eq. (3) we see that the coefficient C3 is negative 
while Cs is positive. Therefore the interaction should be 
positive when H o is along [111J, negative for [100J. 
Again this is in agreement with the observations. l ,6 
It is worth pointing out that this quadrupole inter­
action can be used to get an estimate of the nuclear 
quadrupole moment Q of 57Fe since there is no lattice 
contribution to the electric field gradient which arises 
solely from the electronic charge distribution. The 
experimental value for the magnetically induced quad­
rupole interaction gives Q= +0.21 b in agreement with 
recent evaluations.32 ,33 
D. Fe2+ Magentic Hyperfine Interaction 
We shall now discuss the Fe2+ magnetic hyperfine 
interaction induced at the iron nucleus by an external 
magnetic field. For a paramagnet we may write the 
observed field at the nucleus H n as 
Hn=Ho±Hhf , (6) 
where H 0 is the external applied field and Hhf is the 
field at the nucleus due to the atomic electrons in the 
sample. The Fe2+ observed spectrum will here depend 
on whether the relaxation rate among the three elec­
tronic states Ja' = +1, 0, -1 is fast or slow compared 
with the Lannor precession time of the nucleus. This is 
illustrated in Fig. 11. In the first case, fast relaxation, 
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Ho =6kOe I 
H~f=-120kOe ---t-I------­
eZq'Q =0.32 mmsec-I I SLOW RELAXATION 
I 
II 
I J~ =- t 
I 
I 
I 
I J~ =+1I 
I 
rr J~= 0 
I 
II; ':1 II !e l 
I ! :1 :I,I II 
COMPOSITEI 
I 
I 
-2
-I 0 +1 +2 
Velocitv (mmsec-') 
FIG. 11. Schematic diagrams of the expected Fe2+ in MgO 
spectra for slow and fast relaxation for typical values of T and 
Ho (oriented along 100) in a longitudinal configuration. In the 
fast relaxation case, Hhf ex: (Ja)T and !!EQ' ex: (3Ja2_2)T, where ( )T 
denotes the thermal average. The value of H 0 corresponds to the 
magnetic field splitting » strain splitting situation and the latter 
may be neglected. 
the hyperfine field seen by the nucleus is the thennal 
average of the contributions of the three levels 
Hhf=Hhf8BJ'(gJ.tBHo/kT) , (7) 
where H hf 8 is the saturation hyperfine field, BJ ' is a 
Brillouin function for an effective spin J', and g is the 
electronic g factor. The spectrum should then consist 
of four lines (longitudinal configuration) with a splitting 
corresponding to Ho-Hhf• The solid curve in Fig. 12 
represents this case for I' = 1 and Hhf8= -120 kOe 
at T=4.2°K. On the other hand if the relaxation rate is 
slow, there is no average over the three states and each 
contribution may be seen separately; the states 
J «' = ± 1 give rise to hyperfine fields of equal magnitude 
but with opposite signs. The state J«' = 0 gives only a 
central quadrupole split doublet. Therefore we expect 
the spectrum to be the superposition of the three pat­
terns (Fig. 11), the outennost lines of the I a'=±l 
states being now separated by Hhf8±Ho, respectively. 
As H 0 increases the splitting between the electronic 
levels becomes greater while the relative line intensities 
vary due to changes in the Boltzmann distribution. This 
is the last case which is observed (Fig. 8). The experi­
mental values of Hhf for various H o at T=4.2°K are 
shown in Fig. 12 for both type-A and -B MgO samples. 
We get a best fit with Hhf8= -120 kOe. The dashed 
lines in Fig. 12 represent the theoretical values assuming 
slow relaxation: one line at Hhf = °corresponding to 
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FIG. 12. External field dependence of the Fe2+ hyperfine field 
induced at 4.2°K for type-A and -B MgO sources. The solid line 
represents the fast relaxation case [given by a Brillouin function 
Hhf= -120 B1(gJl.BHo/kT)J and the dashed lines represent the 
slow relaxation case. 
the state Ja' = 0 and another straight line corresponding 
to Ja' = -1. These results clearly indicate a slow 
relaxation rate among the three-electronic states. 
The experimental values of Hhf in the foregoing dis­
cussion were all made at 4.2°K. It is of interest to study 
the temperature dependence of the magnetic hyperfine 
structure induced by a given field in order to see if the 
motional narrowing observed for the strain induced 
quadrupole coupling occurs also for the magnetic 
hyperfine pattern, since the same mechanism is in­
volved. As may be seen in Fig. 13, Hhf induced in 
samples A by H 0= 5 kOe is temperature-independent 
until T reaches approximately 12°K, then H hC decreases 
suddenly and the hyperfine pattern vanishes because of 
motional narrowing. The behavior noted here is quanti­
tatively quite similar to that observed in Fig. 6 for 
the quadrupole coupling. Actually, a difference of 
about 1OK is expected for the transition temperature 
in the two cases because the relaxation time necessary to 
narrow the hyperfine splitting (T=h/dEhf) is different 
from that necessary to narrow the quadrupole splitting, 
(T=h/D.EQ). The constancy of Hhf below "'12°K and 
---0--- 0- - -0, !nCo in M90CFez.) 
'0, Source A 
<3 -80 
" Ho =5 kOe 
~ b 
\ 
\l- -40 
o 16 18 
its sudden disappearance above this temperature are in 
agreement with Ham's interpretation.2 
In samples A, the hyperfine field begins to appear at 
H o"'250 Oe and reaches its saturation value (-120 
kOe) for H 0'"800 Oe where the Brillouin function B 1 
is only "'-'0.04. The reason why the magnetic hyperfine 
structure is not observed here for H 0< 250 Oe was 
suggested by Ham.2 The strain splitting of the ground­
state triplet (",-, 10-2em-I) is at least one order of magni­
tude greater than the hyperfine interaction. Therefore, 
the strains in the crystal prevent observation of the 
hyperfine structure. By increasing the external magnetic 
field, the hyperfine structure appears when the strain 
splitting becomes negligible in comparison with the Zee­
man splitting. From the value H 0"'-' 250 Oe, Ham derived 
an estimate (4X 10-2 em-I) for the typical amount of 
strain splitting in the MgO crystals. This value agrees 
with estimates from paramagnetic resonance studies.41 ,42 
We have confirmed this interpretation by applying 
uniaxial stress which increases the amount of strain 
in the crystal. In particular the strain produced by a 
pressure of 2600 kg/cm2 wiped out the magnetic hyper­
fine structure induced by an external field H 0= 1 kOe.43 
Details of these measurements will be published 
elsewhere. 
For the type-B sources heated at 1500°C, the 
magnetic hyperfine structure began to appear at Ho"'-'S 
kOe and reached its saturation value at H 0'" 10 kOe. 
The heat treatment was responsible for this behavior 
since both A and B sources came from the sanle single 
crystal. Also, the B samples did not exhibit a low-tem­
perature quadrupole splitting in zero magnetic field. 
These results suggest that in these samples the relaxa­
tion rate for low external magnetic field is faster than in 
the A samples. The nature of this rapid relaxation is not 
well understood. On the basis of spin-lattice relaxation, 
the relaxation rate should be temperature-dependent 
and field-independent. Using Eq. (9) in Ref. 2 and the 
fact that we observed a hyperfine field at 4.2°K and 
H o~ 5 kOe we should observe the strain-induced 
quadrupole interaction at 1.5°K because the relaxation 
time T increases by a factor of "'-' 10 when T goes from 
4.2 to 1.5°K. This increase in T should allow the observa­
tion of the quadrupole splitting since the relaxation 
time associated with the quadrupole interaction is 
approximately three times the one associated with the 
magnetic hyperfine structure. \\'ith respect to the field 
dependence of the magnetic hyperfine interaction, the 
fact that it began to appear only at H o"'5 kOe nlay be 
due to a field-dependent relaxation mechanism. This 
cannot be explained by spin-lattice relaxation since the 
dominant term is a field-independent Orbach process.2 
Another alternative, consistent with our observation, 
41 D. H. McMahon, Phys. Rev. 134, A128 (1964). 
FIG. 13. Temperature dependence of the Fe2+ hyperfine field 42 E. R. Feher, Phys. Rev. 136, A145 (1964). 
induced by H 0 = 5 kOe. The solid line represents the dependence 43]. Chappert, A. Misetich, R. B. Frankel, and N. A. Blum, 
predicted in case of fast relaxation. Bull. Am. Phys. Soc. 13, 489 (1968). 
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would be a spin-spin relaxation mechanism44 which is 
field-dependent (T decreases with an increase of H 0) 
and temperature-independent. 
In samples A, the threshold field, HoJ'OV250 Oe, at 
which the magnetic hyperfine structure appeared was 
used in order to give an estimate of the strain split­
ting in the crystal. In samples B, this threshold field 
was J'OVS kOe. But, since we do not know whether the 
absence of magnetic hyperfine structure below 5 kOe is 
due to the strain or to fast relaxation, we are able only 
to derive an upper limit (J'OV 1 em-I) for the strain 
splitting in samples B. In fact, it is even possible that 
the amount of strain there is smaller than in the 
samples A. This could be checked by EPR spectroscopy. 
The hyperfine field at the nucleus may be written 
as a sum of tenns45 
(8) 
where H CP, H ORB, and HDIP are the core-polarization, 
orbital, and dipolar contributions. In tenns of the 
electronic state, 
Hhf= 2[Hcp/2(Sa)J(Sa)+ 2JlBkhf(r-3)(La) 
+!JlBkhf(,-S)[3(La2)- L(L+1)J(Sa), (9) 
where Hcp/2(Sa) is the core-polarization field per spin, 
the expectation values refer to the L = 2, S = 2 basis, and 
khf is an orbital hyperfine reduction factor. It must be 
remembered that the orbital reduction factor khf 
appropriate to the hyperfine interaction is not neces­
sarily the same as the orbital Zeeman reduction factor 
kze observed for example in EPR spectroscopy. This is 
discussed in more detail in the Appendix. 
The orbital and dipolar contributions in Eg. (9) 
may be calculated. Using the observed value of Hhf 
we may therefore derive the core-polarization tenn, 
H cpo In order to calculate the expectation values for 
Eq. (9) it is more appropriate, since we apply an external 
magnetic field, to take the eigenstates of la' as our 
electron basis functions. They are easily written, using 
the appropriate Clebsch-Gordan coefficients,46 as linear 
combinations of the functions ILaSa> 
-Y1
cp(la'= +1)=y'(6/10) /-1,2) 
3
0 IO,1)+v'lo /1,0), 
cfl(Ja '=O)=V(3/10) 11, -1) 
-V(4/10)IO,O)+v13ol-1, 1), 
cp(Ja'= -1)=y(6/10) 11, -2)
-v1301 0, -1)+vlol-l,O), (10) 
which are connected with the previous real wave func­
tions (Eq. 1). For example, if the field direction a 
44 N. Bloembergen, S. Shapiro, P. S. Pershan, and J. O. Artman, 
Phys. Rev. 144, 445 (1959). 
46 A. Okiji and J. Kanamori,]. Phys. Soc. Japan 19, 908 (1964). 
48 E. U. Condon and G. H. Shortley, in Theory of Atomic 
Spectra (University Press, Cambridge, 1953). 
TABLE II. Derivation of the Fe2+ core-polarization contribu­
tion to the hyperfine field assuming three different values for 
the orbital reduction factor khf= 1, 0.8, and 0.7. 
3.428 
5.08 a.u. 
-120 kOe 
khf 1 0.8 0.7 
HaRD +317 kOe +254 kOe +222 kOe 
HDIP +6kOe +6kOe +6kOe 
Hep -443 kOe -380 kOe -348 kOe 
Hcp/2(Sa) -148 kOe/PB -127 kOe/PB -116 kOe/PB 
coincides with the z axis. 
cp(la' = ± 1) = =t=(i/V2) (I t)±il1J») 
and 
cp(la' = 0) = i! r). (11) 
The expectation values (La) and (Sa) are found equal 
to ±! and ±!, respectively, for Ja'=±I. For Ja'=O, 
both are zero. Using these values and the saturation 
hyperfine field Rhfs we may now calculate the core­
polarization tenn R cp (Eq. 9). Values for (,-3) have 
been calculated by Freeman and Watson.47 Within 
certain assumptions it is possible to derive the hyperfine 
reduction factor khf from the measured EPR14,17 
Zeeman reduction factor kze• Therefore we may estimate 
the orbital and dipolar contributions in Eg. (9). The 
results are summarized in Table II. The core-polariza­
tion field per spin then depends on the value of khf• 
We obtain Hcp/2(Sa) = -127 kOe/~B to -116 kOe/~B, 
depending on whether the Zeeman reduction factor is 
due to a dynamic Jahn-Teller effect or to covalency 
(columns 2 and 3, respectively, in Table II). At this 
point, it is not known which effect dominates. However, 
in both cases the value of Hcp/2(Sa) is in general 
agreement with the systematics of core-polarization 
fields in the divalent iron series, which gives a roughly 
constant value of -125 kOe/,uB.47 ,48 
E. Fe1+ Magnetic Hyperfine Structure 
In Fe1+, the ground term is 3d7, 4F(L=3, S=!) which 
splits in cubic crystalline field into two orbitally 
degenerate triplets and one orbital singlet with an 
orbital triplet lying lowest,49 as shown in Fig. 14. The 
spin-orbit coupling leaves a Kramers doublet lowest 
(effective spin!) and the usual expansion of the wave 
functions leads to 46 
cp(Ja' =!) = (1/V2) /-1, j)- (1/\13) 1o,!) 
+(1/v!6) I1, -!), 
cIl(Ja'=-!)=(1/V1)11, -!)-(l/YJ)IO, -!) 
+(1/v!6) I1-, !). (12) 
47 A. J. Freeman and R. E. Watson, in Magnetism edited by 
G. T. Rado and H. Shul (Academic Press Inc., New York, 1965),
Vol. IIA. 
48 S. Geschwind, in Hyperfine Interactions, edited by A. J. 
Freeman and R. B. Frankel (Academic Press Inc., New York,
1967). 
49 W. Low, Phys. Rev. 109, 256 (1958). 
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FIG. 14. Energy-level scheme of the Fe1+ 4F term. 
Following Abragam and Pryce,50 it is convenient to use 
a fictitious orbital angular momentum equal to 1; 
we find (La)=±! and (Sa)=±t for Ja'=±!. These 
expectation values give g=2[(La)+2(Sa)]=4.33. EPR 
measurements17 indicate that g=4.15. We thus have to 
introduce an obrital reduction factor, k=0.82, which 
decreases g. The value of (,-3) for Fe1+ can be estimated 
as 4.5 a.u. from an interpolation of calculations by 
Freeman and Watson.47 Also, Weissbluth and Maling51 
recently calculated (r-3) = 4.49 a.u. Using the same type 
of analysis as for Fe2+, we can resolve the Fe1+ spectra 
under an applied field H o (Fig. 8). We plot in Fig. 15 
the external field dependence of Hhf at 4.2°K. Since 
the Fe1+ splitting increased for an increase in H 0, H hf 
has the same sign as H o• Therefore Bhf=Hn-Bo for 
the lowest electronic level. Usually one expects no 
change in H hf as a function of H 0 if there is slow relaxa­
tion, as in Fe2+, or a Brillouin dependence if there is fast 
relaxation. Once saturation is reached, there should not 
be any further changes in B hl• However, in the Fe1+ case, 
Hhf kept increasing with Ho, despite the fact that we 
had already reached saturation at medium magnetic 
fields. Therefore, what we observed was a change in the 
saturation field HhfB as a function H o• We verified that 
we were in the saturated region by changing the 
temperature from 4.2 to 1.3°K for the same H 0= 70 
kOe: In both cases the same value for Hhf ('"'-'20 kOe) 
80 
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60 Source A
 
CD 
o T·4.2·K 
~ 
':. 40 
.c 
:I: 
20 
o 20 40 60 80 100 120 140 
Ho (kOe) 
FIG. 15. External field dependence of the Fe1+ hyperfine 
field induced at 4.2°K for type-A MgO sources. The solid line 
depicts a Brillouin dependence Hhf= +20B1/ 2 (gP.BHo/kT). 
60 A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. A20S, 135 
(1951). 
61 M. Weissbluth and J. E. Maling, J. Chern. Phys. 47, 4166 
(1967). 
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was observed despite an increase of HolT by a factor 
of '"'-'3. The change in the value of Hhfs at very high 
fields may reflect an external field dependence of Hhf8 
due to mixing of the ground and higher levels by the 
applied magnetic field. 
It is difficult to give an accurate value of Hhf8 
corresponding to H0= 0 because of the changes in 
HhfB with H o. Assuming different criteria for the 
extrapolation, we get Hhf 8 values that range from +15 
to +20 kOe. Using the latter value for Hhf 8 and an 
analysis similar to that for Fe2+, we obtain a value of 
-127 kOelJlB for the core-polarization field per spin, 
assuming khf= k ze• These results are summarized in 
Table III. 
v. CONCLUSIONS 
Using the l\1ossbauer technique we have observed the 
presence of three different charge states, Fe1+, Fe2+, and 
Fe3+ in 57Co-doped MgO. The relative intensities of the 
resonance lines corresponding to the various charge 
states were sensitive to the manner in which the samples 
were prepared as well as to the temperature during 
the Mossbauer experiment. The origin of Fe1+ has been 
attributed to a surface process in which hydroxyl groups 
replace oxygen ions in the MgO lattice. At low tempera­
tures, (T<14OK) an Fe2+ strain-induced quadrupole 
splitting (0.30 mm/sec) was generally observed because 
of slow spin-lattice relaxation, in agreement with Ham's 
strain mode1.2 Depending upon the heat treatment some 
samples exhibited faster electronic relaxation and this 
quadrupole doublet was not observed in such samples. 
When a large enough external magnetic field was ap­
plied (Zeeman splitting greater than strain splitting) 
and Fe2+ quadrupole splitting was induced by the field, 
in agreement with theoretical predictions.2- s From this 
quadrupole interaction we estimate the nuclear quad­
rupole moment of 57Fe to be +0.21 b. An external field 
also induced a magnetic hyperfine structure for all 
three charge states. From the measured hyperfine field 
we derived the core-polarization contribution to the 
hyperfine field, using calculated values for the orbital 
and dipolar contributions. We found in both Fe1+ and 
Fe2+ a core-polarization field per spin of -127 kOe/~B, 
in agreement with the systematics of these tenns in the 
3d transition metal ions. A case of slow paramagnetic 
relaxation in a ferrous compound is illustrated by the 
behavior of the external field dependence of the in­
duced hyperfine field. 
TABLE III. Derivation of the Fe1+ core-polarization contribu­
tion to the hyperfine field. It is assumed khf = kze = k. 
g 4.15 (,-3) 4.5 a.u. 
lihfS +20 kOe 
k 0.82 
HORB +231 kOe 
HDIP o 
H ep -211 kOe 
Hcp/2(Sa) 
-127 kOe/PoB 
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APPENDIX 
Covalency and dyanmic Jahn-Teller effects are known 
to reduce the purely ionic value of the angular momen-
tum of paramagnetic ions in crystals.52 ,53 It is usually 
assumed that the Zeeman reduction factor (from EPR 
spectroscopy, for example) is the same as the hyperfine 
reduction factor. However, this is not generally the case 
as we will discuss here, because the former involves 
the expectation value of L while the latter involves the 
expectation value of ,-3L. 
We have to evaluate in both cases the contribution 
due to dynamic Jahn-Teller effect (JT) and to covalency 
(cov). The total reduction factor can be approxi-
mated by 
(AI) 
for Zeeman effect (EPR); and 
(A2) 
for the hyperfine interaction. Since the dynamic Jahn-
Teller effect is mainly a property of the nuclear wave 
function, we expect its reduction effect to be indepen-
dent of the electronic operator evaluated for a given pair 
JT JT
•of basis functions. Therefore kze = khf
In order to get expressions for the covalent reduction 
factors, kzecov and khfcov, we write simple molecular 
orbitals for the paramagnetic electron wave functions52 : 
Yt%z= ;r(.,.(dz,z- A,..~%z) 
and 
(A3) 
where dz,z and dyz are Fe2+ d orbitals, ~:r,z and ~YZ are 
the linear combinations of ligand (oxygen) orbitals of 
the appropriate symmetry, A.,. is the covalency param-
eter. The normalization factor m,.. is given by 
m,..= (1- 2ArS1I"+A,..2)-1/2~1+ArS1I'- (A.,.2/2) , (A4) 
62 A. A. Misetich and R. E. Watson, Phys. Rev. 143,335 (1966). 
03 F. S. Ham, Phys. Rev. 138A, 1727 (1965). 
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where S,.. is the overlap between the metal and ligand 
wave functions, S.,.= (dz,z I~:r,z). The covalent Zeeman 
reduction factor is defined by 
In the same way, the covalent hyperfine reduction 
factor is given by 
(A6) 
In order to understand the difference between kzecov 
and khfcOV we have to consider the matrix element be-
tween metal d and ligand ~ wave functions. In the Zee-
man case, Eq. (AS), the integral is proportional to the 
overlap, and, in general, cannot be neglected. In the 
hyperfine case, Eq. (A6), it is greatly reduced by the 
factor 1-3 which is small at the ligand site and can be 
neglected. Therefore, Eq. (A6) reduces to 
(A7) 
Similar conclusions have been obtained for the matrix 
elements of the spin-orbit coupling.52 
If we expand m,.. and retain only quadratic terms in 
A.,. and S.,., we get 
(A8) 
and 
(A9) 
Of the two effects, dynamic Jahn-Teller and covalency, 
we do not know which is the dominant one. If the co-
valency effect is negligible, then k ze = khf = kJT and we 
can use the EPR reduction factor for the hyperfine 
calculations (see column 2 of Table III). On the other 
hand, if the dynamic Jahn-Teller effect is negligible 
(k JT = 1), the covalency parameter A.,. can be derived 
from Eg. (A8) by measuring kze (by EPR spectroscopy). 
Using a computed value S,..=O.055 54 and inserting X.,. 
in Eg. (A9) we get an estimate of khfe For kze =O.8 14 
we get khf = 0.7 and the third column in Table II 
shows the value derived for the core-polarization con-
tribution to the hyperfine field. 
Our conclusion is that the covalent contribution to the 
Zeeman reduction factor is different from the con-
tribution to the hyperfine reduction factor, but it is 
possible to calculate one once we know the other. 
54 We used a program written by L. D. Kandel, M. C. G. 
Passeggi, and T. Buch, University of Chile to calculate overlap
integrals. 
